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Awealth of discoverybuiltonthe
Human Genome Project — by the numbers

Alexander J. Gates, Deisy Morselli Gysi, Manolis Kellis & Albert-Laszl6 Barabasi

A new analysis traces the story of the draft genome’s impact on genomics since 2001,
linking its effects on publications, drug approvals and understanding of disease.

he 20th anniversary of the publica-
tion of the first draft of the human
genome? offers an opportunity to
track how the project hasempowered
research into the genetic roots of
human disease, changed drug discovery and
helped torevise the idea of the gene itself.

Here we distil these impacts and trends. We
combined several datasets to quantify the dif-
ferenttypes of genetic element that have been
discovered and that generated publications,
and how the pattern of discovery and publish-
ing has changed over the years. Our analysis
linked together data including 38,546 RNA
transcripts; around 1 million single nucleotide
polymorphisms (SNPs); 1,660 human diseases
with documented geneticroots; 7,712 approved
and experimental pharmaceuticals; and
704,515 scientific publications between 1900
and 2017 (see Supplementary information; SI).

The results highlight how the Human
Genome Project (HGP), withits comprehensive
list of protein-coding genes, spurred anew era
of elucidating the function of the non-coding
portion of the genome and paved the way
for therapeutic developments. Crucially, the
results track the emergence of asystems-level
view of biology alongside the conventional sin-
gle-gene perspective, as researchers mapped
the interactions between cellular building
blocks (see ‘No jump for big teams’).

There are limitations to our analysis. For
example, there is no consensus on where a
gene starts and ends or, surprisingly, even
what sequence exactly encodes some genes®.
Multiple naming conventions are in use for
some genomic elements, so sometimes our
methodology did not connect them. And other
links between publications and elements might
not have been added to databases by authors.
Finally, our graphs end in 2017, because there
canbeatimelagbetween an article’s publica-
tion and entry into the databases we used.

However, we do not expect these issues
to affect the trends we note in how genome
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research has changed over time. The trends
remain when we control for the growthinbiol-
ogy publications over the same period (see S,
Fig.S6). We did not control for time since the
discovery of genes, but estimate that doing so
would not have altered our conclusions.
These connections offer a snapshot of the
evolutionoftheresearchlandscape before and
after the HGP. It shows anintense focus on a
small number of ‘superstar’ protein-coding
genes, potentially to the detriment of interest-
ing work that could be done on others. There
hasbeenapivot towards non-protein-coding
sections of the genome, and to understand-
ing interactions between genetic material
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By 2017,22% of gene-
related publications
referenced just1%
of genes.”

and proteins. And drug discovery has been
grounded injust a few protein targets.

Some of these trends are familiar to biolo-
gists, but to quantify and visualize them is to
consider them anew.

There is no world without an HGP for com-
parison. So it is impossible to say whether
these trends would have arisen anyway. Other
factors, from increased computing power to
sophisticated sequencing methods, also had
arole in many of these developments. It is
nonetheless clear that the HGP’s catalogue
catalysed the continuing genetic revolution.

Superstar genes

The popular perception is that the HGP
marked the start of the intensive search for
protein-coding genes. In fact, the 2001 draft
HGP paper signalled the end of adecades-long
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hunt’?. Indeed, evidence for the first
protein-coding gene emerged in 1902, with
the discovery of the hormone secretin* (SCT
gene), 50 years before the structure of DNA
was uncovered, and 75 years before genome
sequencing became commonplace. Our
analysis shows that, between the start of the
HGPin1990 andits completionin 2003 (after
the draft was published in 2001), the number
of discovered (or ‘annotated’) human genes
grewdrastically. It levelled out suddenly inthe
mid-2000s at about 20,000 protein-coding
genes (see ‘Twenty years of junk, stars and
drugs: Non-coding elements’), far short of the
100,000-strong estimate previously adopted
by many in the scientific community?.

Although discoveries of protein-coding
genesreachedaplateau, interestinindividual
genes grew rapidly following the HGP. Each
year since 2001, between 10,000 and 20,000
papers mentioning protein-coding genes have
been published (see SI; Fig. S3).

However, that interest has focused largely
onjustafew genes.Before1990, HBAI wasthe
most studied because it encodes one of the
proteins in adult haemoglobin. From 1990,
attention then shifted to CD4 (based on the
cumulative number of publications) given the
protein’sinvolvementin T-cellimmunity and
asthe cell receptor for HIV. Yet the interest in
these two genes pales next to the explosion
ofattention onindividual genes following the
draft 2001 HGP sequence. Some superstar
genes, including TP53, TNFand EGFR,became
the subject of hundreds of publications a year,
with most other genes receiving scant atten-
tion (see ‘Deep impact’ and ‘Twenty years of
junk, stars and drugs: Star genes’). We find
that, by 2017,22% of gene-related publications
referenced just 1% of genes.

Intense study is, of course, justified for
genes that have profound biological impor-
tance. A good example is TP53 — it is crucial
to cell growth and death, and leads to cancer
wheninactivated or altered. Variationsin this
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gene are found in more than 50% of tumour
sequences. It is mentioned in 9,232 publica-
tions between 1976 and 2017 (see SI, Fig. S4).

One might assume that the more that is
known about the same genes, the greater
the incentive would be to explore the rest of
the genome. Instead, the opposite happened
during the past two decades: more attention
was lavished onaselect few. Despite thisbeing
flagged as a potential problem on the tenth
anniversary’ of the draft genome’s publica-
tion, there has been no course correction.

Our previous work on other, very different
systems from human social networks to the
World Wide Web indicates that this vastimbal-
ance can be explained by a ‘rich-gets-richer’
dynamic®” rooted in social factors. It is likely
thatas the number of papers focusing on TP53
increases, the easier it is to secure funding,
mentorship, tools and citations for further TP53
work because it is a safe bet (see SI; Fig. S4).In
network science, this phenomenon is called
preferential attachment’. Indeed, we find that
the number of new yearly publications focusing
onagivengene s linearly proportional to the
size of previous literature onit (see S, Fig. S6).

A challenge now for biology is to disentan-
gle the motivations for what gets studied next
(see page209).Areresearchers putting money,
time and effortinto whatis mostimportant or
urgent, orinto more of the same because that
will reliably win grants and plaudits?

Not junk

Agreat debate pre-dated the start of the HGP:
was it worth mapping the vast non-coding

regions of genome that were called junk DNA,
or the dark matter of the genome? Thanksin
large part to the HGP, it is now appreciated
that the majority of functional sequencesin
the human genome do notencode proteins.
Rather, elements such as long non-coding
RNAs, promoters, enhancers and countless
gene-regulatory motifs work together to
bring the genome to life. Variation in these
regions does not alter proteins, but it can
perturb the networks governing protein
expression.

d4

The discovery of
non-protein-coding
elements exploded.”

With the HGP draft in hand, the discovery
of non-protein-coding elements exploded.
So far, that growth has outstripped the dis-
covery of protein-coding genes by a factor
of five, and shows no signs of slowing. Like-
wise, the number of publications about such
elements also grewinthe period covered by
our data set (1900 to 2017; see SI, Fig. S3a).
For example, there are thousands of papers
on non-coding RNAs, which regulate gene
expression.

The HGP also offered a way to catalogue
human genetic variation, including that
of SNPs. Other big efforts slashed the cost
of profiling common differences across

NO JUMP FOR BIG TEAMS

There is a common perception that the number of authors collaborating on papers about the Human Genome
Project (HGP) marked a step change. In fact, team sizes in biology have grown consistently since the 1950s.
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thousands of individuals; these included the
International HapMap Project® (the third and
final phase of which was completed in 2010)
and the 1000 Genomes Project® (completed
in 2015). These data sets, combined with
advances in statistical analysis, ushered in
genome-wide association studies (GWAS) of
countless traits, including height'®, obesity"
and susceptibility to complex diseases such
as schizophrenia™,

There are now more than 30,000 papers
per year linking SNPs and traits. A large frac-
tion of these associations are in the once-dis-
missed non-coding regions (see SI, Table S3).

Cellular functionrelieson weak and strong
links between genetic material and proteins.
Mapping out this network now complements
the Mendelian perspective (see page 218).
Today, more than 300,000 regulatory
network interactions have been charted —
proteins binding with non-coding regions
or with other proteins.

Drug discovery

Before about the 1980s, drugs were found
largely by serendipity. Their molecular
and protein targets were usually unknown.
Until 2001, the probability of knowing all of
adrug’s protein targets was less than 50% in
any given year. The HGP changed this. Now,
the targets are known for almost all drugs
licensed in the United States each year (see
‘Twenty years of junk, stars and drugs: Drug
targets’).

Ofthe roughly 20,000 proteinsrevealed by
the HGP as potential drug targets, we show
thatonly about10% — 2,149 — have so far been
targeted by approved drugs (see SI, Table S4
andFig. S1). Thatleaves 90% of the proteome
untouched by pharmacology®. Experimental
drugsinourdatasetincrease thisnumber to
3,119 (SI, Fig. S2). Again, the attention given
to theseis highly uneven. Five per cent of all
approved drugs currently approved (99 dis-
tinct molecules) target the protein ADRAIA,
which is involved in cell growth and prolif-
eration.

Aspreviously, there could be good reasons
for this skew. Some proteins might be more
important to human health or more likely to
actasdrugtargets. Some might not be drug-
gable. Oritcould be that there are many more
proteins worth exploring as drug targets if
only researchers, funders and publishers
were less risk-averse.

That said, the majority of successful drugs
do not directly target individual disease
genes™. Instead, they target proteins one or
two interactions away, modulating the con-
sequences of faulty components. For exam-
ple, large-scale screens of existing drugs that
couldbe repurposed for use against COVID-
19 found that only 1% of promising candi-
dates targeted a viral protein — the majority
were drugs that modulated human proteins
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TWENTY YEARS OF JUNK, STARS AND DRUGS

What genomics researchers have studied, when and why — as traced by bibliometric analysis.

Non-coding elements
Most protein-coding genes were discovered before the first draft of the Human Genome Project (HGP)
in 2001. Many other genomic elements, previously called junk DNA, came in for scrutiny after that.
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not directly involved in SARS-CoV-2 activity®.
Such network drugs hold huge potential.

Network glimpsed

In summary, we think that the HGP is more
notable for the new era of genomicsit ushered
in, than for the protein catalogue itself. As
the theory of complex systems shows, an
accurate survey of components is necessary
—but not sufficient — to understand any sys-
tem. Complexity arises from the diversity of
the interactions between components. After
20 years of research building on the HGP,
biologists now have a glimpse of the network
structure and dynamics that define life.
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